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A  flower-like  Fe304/carbon  nanocomposite  with  nano/micro  hierarchical  structure  is  prepared  by 
controlled  thermal  decomposition  of  the  iron  alkoxide  precursor,  which  is  obtained  via  an  ethylene 
glycol-mediated  solvothermal  reaction  of  FeCl3  and  hexamethylenetetramine  (HMT)  in  the  absence  of 
any  surfactant.  The  nanocomposite  is  characterized  by  the  assembly  of  porous  nanoflakes  consisting 
of  Fe304  nanoparticles  and  amorphous  carbon  that  is  in  situ  generated  from  the  organic  components 
of  alkoxide  precursor.  When  used  as  the  anode  materials  for  the  lithium-ion  batteries,  the  resultant 
nanocomposite  shows  high  capacity  and  good  cycle  stability  (1030mAhg_1  at  a  current  density  of  0.2  C 
up  to  150  cycles),  as  well  as  enhanced  rate  capability.  The  excellent  electrochemical  performance  can  be 
attributed  to  the  high  structural  stability  and  high  rate  of  ionic/electronic  conduction  arising  from  the 
synergetic  effect  of  the  unique  nano/micro  hierarchical  structure  and  conductive  carbon  coating. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Since  the  early  1990s,  rechargeable  lithium-ion  batteries  have 
been  widely  used  as  power  sources  for  various  portable  electronic 
devices  such  as  cellular  phones,  digital  cameras,  laptop  computers 
and  MP3  players  [1].  For  new  generations  of  rechargeable  lithium 
batteries,  they  applied  not  only  to  modern  consumer  electronics  but 
also  especially  to  hybrid  electric  vehicles  and  clean  energy  storage. 
The  challenges  are,  naturally,  to  achieve  higher  specific  energy  den¬ 
sity,  higher  specific  power  density,  longer  cycle  life  and  lower  cost. 
These  demands  create  strong  motivations  behind  the  research  and 
development  of  novel  electrode  materials  with  improved  electro¬ 
chemical  performance  for  lithium-ion  batteries.  Transition  metal 
oxides  represent  a  new  type  of  anode  materials  for  lithium-ion  bat¬ 
teries  [2].  These  metal  oxides  with  interstitial-free  structure  can 
react  with  Li  via  the  conversion  reaction  of  MOx  +  2xli  =  M  +  xLi20, 
which  has  been  shown  to  exhibit  lager  rechargeable  capacity, 
making  them  promising  anode  materials  for  new  generations  of 
lithium-ion  batteries. 

Among  transition  metal  oxides,  Magnetite  (Fe304)  is  one  of 
most  attractive  materials  on  economic  and  environmental  grounds. 
However,  its  application  in  practical  batteries  is  hindered  due  to 
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its  poor  cycling  stability  resulting  from  large  volume  expansion 
occurring  during  cycling  and  low  rate  performance  arising  from 
kinetic  limitations  [3].  Extensive  work  to  solve  these  problems 
has  majorly  focused  on  fabricating  Fe304/carbon  nanocompos¬ 
ites,  which  include  (i)  the  composites  with  Fe304  nanoparticles 
embedded  in  a  disordered  carbon  matrix  [4-6],  and  (ii)  single- 
particle-coating  Fe304/carbon  nanocomposites  [7-9].  However, 
it  is  hard  to  homogeneously  disperse  the  high-surface-energy 
nanoparticles  in  a  carbon  matrix  during  preparation  process.  As  a 
result,  the  active  nanoparticles  severely  agglomerate  to  form  irreg¬ 
ularly  shaped  secondary  aggregates,  which  are  detrimental  to  the 
stability  of  composite  electrodes.  Similarly,  the  interfacial  energy 
of  nanoparticles  after  carbon  coating  is  still  large  and  the  composite 
particles  tend  to  aggregate  easily.  And  the  carbon  coating  cannot 
effectively  release  the  large  strain  caused  by  volume  expansion 
because  it  tightly  wraps  the  surface  of  the  active  particles.  There¬ 
fore,  the  improvement  in  cyclability  and/or  rate  performance  of 
Fe304  is  still  limited.  To  further  enhance  the  performance  of  Fe304 
as  anode  materials  in  lithium-ion  batteries,  Fe304/carbon  compos¬ 
ite  with  rationally  designed  nanostructure  is  necessary. 

In  this  study,  a  new  kind  of  Fe304/carbon  nanocomposite 
with  flower-like  nano/micro  hierarchical  structure  is  prepared  by 
controlled  thermal  decomposition  of  the  iron  alkoxide  precur¬ 
sor  in  inert  atmosphere.  The  nanocomposite  is  characterized  by 
the  assembly  of  porous  nanoflakes  consisting  of  Fe304  nanopar¬ 
ticles  and  amorphous  carbon  that  is  in  situ  generated  from 
the  organic  components  of  alkoxide  precursor.  This  specific 
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configuration  results  in  micrometer-sized  particles,  which  guaran¬ 
tees  stability  and  manageability  of  the  material,  while  still  taking 
advantage  of  the  nanoscale  active  materials  in  achieving  the  high 
capacity  and  the  interspaces  between  nanoflakes  in  releasing  the 
volume  expansion.  The  carbon  coating  serves  simultaneously  as 
a  physical  barrier  to  prevent  the  aggregation  of  Fe304  nanopar¬ 
ticles  during  cycling  and  a  conductive  network  to  improve  the 
local  conductivity,  which  helps  to  realize  the  full  potential  of 
Fe304/carbon  composite.  Therefore,  when  employed  as  anodes 
for  lithium-ion  batteries,  the  as-obtained  nanocomposite  exhibits 
exceptional  capacity  retention  and  good  rate  capability. 

2.  Experimental 

2.1.  Materials  preparation 

In  a  typical  synthesis,  0.4 g  of  FeCl3-6H20  and  1.0 g  of  HMT 
were  added  to  60  mL  of  ethylene  glycol  under  magnetic  stirring 
to  give  a  cloudy  solution.  The  resultant  mixture  was  transferred  to 
a  90  mL  Teflon-lined  autoclave,  then  sealed  and  heated  at  160°C 
for  6  h.  After  the  reaction  was  cooled  to  room  temperature,  a  green 
alkoxide  precursor  was  obtained.  The  product  was  harvested  by 
centrifugation  and  washed  with  alcohol  several  times  before  dry¬ 
ing  at  60  °C  in  an  oven  overnight.  Afterwards  the  green  powder  was 
heated  to  450  or  600  °C  at  a  rate  of  5°Cmin_1  and  maintained  at 
this  temperature  for  3  h  under  the  nitrogen  flow  to  obtain  the  black 
powder.  Meanwhile,  some  alkoxide  precursors  were  calcined  in  air 
at  450  °C  for  3  h  with  a  temperature  ramp  of  1  °Cmin-1  to  obtain 
the  red  powder.  The  samples  prepared  under  nitrogen  at  450  °C 
and  600  °C  and  in  air  at  450  °C  were  designated  as  N450,  N600  and 
A450,  respectively. 

2.2.  Materials  characterization 

The  phase  and  composition  of  the  products  were  characterized 
by  X-ray  powder  diffraction  (XRD,  Rigaku  D/max-2500  diffrac¬ 
tometer  with  Cu  Ka  radiation,  X  =  0.1 542  nm,  40  kV,  100  mA), 
Raman  spectra  (Renishaw  inVia  + Reflex  Raman  spectrometer, 
excitation  wavelength  514  nm),  and  inductively  coupled  plasma- 
optical  emission  spectroscopy  (ICP,  Thermo  Elemental  IRIS  1000). 
The  morphology  and  structure  of  the  products  were  observed 
under  scanning  electron  microscopy  (SEM,  FEI  Quanta  200F) 
and  transmission  electron  microscopy  (TEM,  JEOL  21  OOF).  Ther- 
mogravimetric/differential  scanning  calorimetry  (TG/DSC)  was 
performed  on  SDT  Q600  thermal  analyzer  under  nitrogen  or 
air  with  a  heating  rate  of  10°Cmin_1  from  ambient  tem¬ 
perature  to  1000°C.  The  specific  surface  area  was  measured 
by  the  Brunauer-Emmett-Teller  (BET)  method  using  nitrogen 
adsorption-desorption  isotherms  on  a  Micrometries  ASAP  2020 
system,  and  the  pore  size  distribution  was  obtained  from  the  des¬ 
orption  branch  of  the  isotherm  by  the  Barrett-Joyner-Halenda 
(BJH)  method. 

2.3.  Electrochemical  measurements 

To  evaluate  the  electrochemical  performance,  coin-type  half 
cells  were  assembled  using  the  as-prepared  product  as  anode 
material  for  lithium-ion  battery.  The  working  electrodes  were  pre¬ 
pared  by  dispersing  in  N-methyl-2-pyrrolidone  (NMP)  a  blend 
of  as-obtained  active  material,  acetylene  black,  and  polyvinyli- 
dene  difluoride  (PVDF)  at  the  weight  percent  ratio  of  75:15:10. 
The  slurry  was  then  pasted  onto  a  copper  foil  and  dried  in  vac¬ 
uum  at  120°C  overnight.  The  model  cells  were  fabricated  using 
lithium  foil  as  the  counter  electrode  and  the  reference  electrode, 
Celgard  2400  as  the  separator,  and  a  solution  of  1  M  LiPF6  in  ethy¬ 
lene  carbonate  (EC)/dimethyl  carbonate  (DMC)/diethyl  carbonate 


(DEC)  (1:1:1,  in  wt%)  as  the  electrolyte.  The  assembly  was  carried 
out  in  an  argon-filled  glove  box  with  oxygen  and  moisture  lev¬ 
els  less  than  1  ppm.  The  discharge-charge  tests  were  performed 
in  the  voltage  range  of  0.01 -3.0  V  (vs.  Li/Li+)  at  current  rates 
from  0.2  C  to  5  C  ( 1  C  =  924  mA  g-1  for  sample  N450  and  N600,  and 
lC  =  1007mAg~1  for  sample  A450).  Cyclic  voltammograms  (CV) 
were  recorded  between  3.0  and  0.0  V  at  a  scan  rate  of  0.1  mVs-1. 
All  the  electrochemical  tests  were  performed  at  room  temperature. 
Note  that  both  the  current  density  and  specific  capacity  were  cal¬ 
culated  on  the  base  of  mass  of  the  composite  rather  than  that  of 
Fe304,  unless  otherwise  stated. 

3.  Results  and  discussion 

3.1.  Structure  and  morphology  of  the  alkoxide  precursor 

Fig.  la  and  b  shows  the  typical  SEM  and  TEM  images  of  the  pre¬ 
cursor,  which  is  composed  of  3D  flowerlike  architectures  with  a 
diameter  approximately  2  p,m.  The  entire  architecture  is  built  from 
several  dozens  petal-like  nanoflakes  with  smooth  surfaces.  These 
nanoflakes  are  about  50  nm  thick  and  1  p>m  wide,  and  connect  with 
each  other  through  the  center  to  form  3D  flowerlike  structure.  The 
XRD  diffraction  peaks  of  the  precursor  (Fig.  lc)  are  very  similar 
to  those  of  the  reported  metal  alkoxides  [10-14],  especially  the 
strong  peak  located  in  the  low-angle  region  (around  11°).  Thus,  the 
as-synthesized  precursor  should  be  one  kind  of  iron  alkoxide. 

When  ethylene  glycol  molecules  lose  protons  and  coordinate 
with  FeCl3  to  form  iron  alkoxide,  HC1  is  generated  as  reported  in  the 
reaction  between  ethylene  glycol  and  metal  chloride  [10,15].  If  HC1 
cannot  be  removed,  the  accumulation  of  HC1  will  inhibit  further  iron 
alkoxide  formation.  In  this  work,  HMT  is  employed  as  an  accelerant, 
which  can  be  decomposed  into  formaldehyde  and  ammonia  [16]. 
The  ammonia  can  further  hydrolyze  to  OH-  and  then  neutralize  the 
HC1,  promoting  the  formation  of  iron  alkoxide. 

3.2.  Structure ,  composition,  and  morphology  of  the  heat-treated 
products 

Thermal  decomposition  behaviors  of  the  alkoxide  precursor 
under  air  and  nitrogen  were  monitored  by  TG  and  DSC,  as  shown  in 
Fig.  2.  When  the  precursor  is  heated  in  air,  the  DSC  curve  exhibits  an 
intensive  exothermic  peak  around  279  °C,  corresponding  with  the 
weight  loss  from  230  to  300  °C  in  TG  curve,  which  can  be  attributed 
to  the  combustion  of  organic  species  and  the  formation  of  Fe203. 
By  contrast,  two  noticeable  weight  loss  stages  can  be  observed 
in  the  TG  curve  of  the  precursor  under  nitrogen  flow.  The  first 
weight  loss  stage  begins  from  270  °C  to  400  °C  with  two  exothermic 
peaks  at  257  °C  and  320  °C,  which  could  be  ascribed  to  the  forma¬ 
tion  of  Fe304  and  carbon  through  decomposition  of  the  precursor. 
The  second  weight  loss  stage  is  detected  from  600  to  700  °C,  with 
an  endothermic  peak  around  672  °C  in  DSC  curve,  indicating  the 
reduction  of  Fe304  by  carbon  species. 

XRD  patterns  of  the  products  after  thermal  decomposition  under 
different  conditions  are  given  in  Fig.  3.  When  the  precursor  is 
annealed  at  450  °C  under  nitrogen,  the  diffraction  peaks  of  the  prod¬ 
uct  N450  match  well  with  those  of  the  Fe304  (Magnetite,  JCPDS  No. 
74-1910).  The  7-Fe203  phase  has  similar  XRD  patterns  to  Fe304,  but 
it  cannot  exist  at  the  heat-treatment  temperature  as  it  converts  to 
a-Fe203  at  about  400  °C  [7].  No  diffraction  peaks  corresponding  to 
a-Fe203  found  in  the  XRD  pattern  suggests  the  absence  of  7-Fe203 
phase.  Furthermore,  although  the  diffraction  patterns  look  simi¬ 
lar  for  Fe304  and  7-Fe203,  they  are  different  with  different  space 
groups  (Fd3m  and  P4232  for  Fe304  and  7-Fe203,  respectively)  and 
lattice  parameters  that  differ  significantly  (8.390  A  and  8.350  A  for 
Fe304  and  7-Fe203,  respectively,  JCPDS  Nos.  74-1910  and  24-0081 ). 
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Fig.  1.  (a)  SEM  and  (b)  TEM  images,  and  (c)  XRD  pattern  of  the  precursor.  The  inset  in  (a)  is  a  SEM  image  of  the  individual  flowerlike  structure  of  the  precursor. 


Refinement  carried  out  by  using  the  MDI  Jade  5.0  software  yielded 
cubic  lattice  parameters  of  8.386  (7)  A,  in  good  agreement  with 
literature  values.  Therefore,  it  can  be  concluded  that  the  product 
N450  is  Fe304  rather  than  7-Fe203.  The  mean  crystallite  size  of 
Fe304  in  the  sample  N450  is  calculated  to  be  about  11.1  nm  using 
the  Scherrer’s  formula  based  on  the  peaks  of  (2  2  0)  and  (311).  The 
graphitic  structure  of  carbon  species  cannot  be  detected  by  XRD, 
possibly  because  their  crystalline  sizes  are  very  fine  and  amor- 


Fig.  2.  TG/DSC  curves  of  the  precursor  under  (a)  air  and  (b)  nitrogen. 


phous.  As  the  annealing  temperature  under  nitrogen  up  to  600  °C, 
ferrous  oxide  FeO  (Wuestite,  JCPDS  75-1550)  and  elemental  iron  Fe 
(iron,  JCPDS  87-0721)  besides  Fe304  are  also  detected  in  the  prod¬ 
uct  N600,  suggesting  that  Fe304  is  partially  reduced  by  the  carbon. 
The  approximate  crystallite  sizes  in  the  composite  were  estimated 
to  be  1 6.9  nm  for  the  Fe304,  8.7  nm  for  the  FeO  and  38.4  nm  for  the 
Fe,  respectively,  using  the  Scherrer’s  equation,  where  (2  2  0)  peak 
was  used  for  Fe304,  (2  0  0)  peak  for  FeO,  and  (110)  peak  for  Fe. 
When  the  iron  alkoxide  precursor  is  calcined  at  450  °C  in  air,  the 
diffraction  peaks  of  the  product  A450  are  in  good  agreement  with 
those  of  a-Fe203  (Hematite,  JCPDS  87-1166)  with  an  average  crys¬ 
tallite  size  of  about  29.6  nm  estimated  from  the  width  of  ( 1  0  4)  peak 
by  Scherrer’s  formula. 

Raman  spectroscopy  was  further  performed  to  analyze  the 
phase  composition  of  the  products  after  thermal  decomposition, 
as  shown  in  Fig.  4.  The  spectrum  of  the  iron  alkoxide  precursor 
contains  many  peaks,  which  are  hard  to  be  defined  as  the  lack- 


Fig.  3.  XRD  patterns  of:  (a)  N450,  (b)  N600,  and  (c)  A450. 
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ing  of  information  data.  The  spectrum  of  sample  N450  consist 
of  a  relatively  small  band  at  670  cm-1  corresponding  to  the  Alg 
mode  of  Fe304  [17]  and  two  strong  bands  at  1356  and  1594  cm-1 
corresponding  to  the  fundamental  D  and  G  bands  for  carbon, 
respectively,  confirming  that  sample  N450  is  composed  of  the 
magnetite  Fe304  phase  and  carbon.  Furthermore,  ICP  was  used  to 
reveal  the  precise  chemical  composition  of  the  sample  N450.  The 
results  showed  that  N450  has  a  chemical  composition  of  87.8  wt% 
Fe304  and  12.2  wt%  carbon.  The  Raman  spectrum  of  sample  N600 
is  similar  with  that  of  sample  N450,  indicating  that  this  sam¬ 
ple  also  contains  some  carbons.  The  spectrum  of  sample  A450 
exhibit  several  peaks,  which  can  be  assigned  as  the  Aig  modes 
(222  and  498  cm-1 ),  Eg  modes  (242,  290,  408,  and  605  cm-1 ),  and 
two-magnon  scattering  feature  (1315  cm-1)  of  the  pure  phase  of 
a-Fe203  [18]. 


Fig.  5a  and  b  displays  the  SEM  images  of  sample  N450,  show¬ 
ing  that  heat  treatment  at  450  °C  under  nitrogen  did  not  change 
the  total  flowerlike  morphology  of  the  precursor.  Fig.  5c  is  a  typical 
TEM  image  taken  from  the  flake  of  an  individual  flowerlike  struc¬ 
ture  shown  in  the  inset.  It  can  be  seen  that  each  piece  of  flake  of  the 
flowerlike  structure  has  been  transformed  from  a  dense  structure 
with  a  smooth  surface  into  a  highly  porous  structure  consisting 
of  well-dispersed  nanoparticles.  The  size  of  these  nanoparticles 
ranges  from  10  to  20  nm,  consistent  with  the  XRD  result  estimated 
from  Scherrer’s  formula.  Fig.  5d  shows  the  F1RTEM  image  of  the 
edge  of  the  Fe304  nanoparticles,  and  a  lattice  spacing  of  0.48  A 
corresponding  to  (1  1  1)  plane  can  be  observed.  The  carbons  could 
not  be  observed  by  TEM  possibly  due  to  their  thin  and  disordered 
structure.  Combined  the  Raman  and  ICP  results,  we  think  that  the 
Fe304  nanoparticles  are  surrounded  by  a  very  thin  conductive  car¬ 
bon  layer  which  is  in  situ  generated  from  the  organic  components 
of  alkoxide  precursor. 

Calcination  condition  plays  an  important  role  in  controlling  the 
morphology  and  the  texture  of  the  products.  As  shown  in  Fig.  6a 
and  b,  when  the  calcination  temperature  under  nitrogen  increases 
to  600  °C,  the  flowerlike  structure  of  the  particles  partially  col¬ 
lapses,  and  the  primary  nanoparticles  become  markedly  large  and 
aggregate  severely.  These  changes  are  attributed  to  the  phase  trans¬ 
formation  during  the  reduction  process,  as  demonstrated  by  the 
XRD  results.  The  calcination  of  the  precursor  in  air  at  450  °C  does 
not  obviously  change  the  flowerlike  morphology  but  the  nanoflakes 
consist  of  larger  crystal  nanoparticles  (Fig.  6c  and  d).  Therefore,  the 
in  situ  generated  carbon  coating  serves  not  only  as  a  reducing  agent 
to  form  a  magnetite  phase,  but  also  as  a  physical  barrier  to  suppress 
the  growth  of  nanoparticles. 

The  nitrogen  adsorption-desorption  isotherms  and  correspond¬ 
ing  BJH  desorption  pore  size  distributions  of  three  samples  are 
displayed  in  Fig.  7.  All  isotherms  feature  hysteresis  between  the 


Fig.  5.  (a)  Low-magnification  and  (b)  high-magnification  SEM  images  of  N450,  (c)  high-magnification  TEM  image  of  the  flake  of  the  flowerlike  structure  of  N450  (inset)  and 
(d)  high-resolution  TEM  (HRTEM)  image  taken  from  the  Fe3C>4  nanoparticles. 
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Fig.  6.  (a)  SEM  image  of  N600,  (b)  high-magnification  TEM  image  taken  from  the  edge  of  an  individual  particle  of  N600  (inset),  (c)  SEM  image  of  A450,  and  (d)  high-magnification 
TEM  image  of  the  flake  of  the  flowerlike  structure  of  A450  (inset). 


desorption  and  adsorption  branches,  indicating  the  presence  of 
mesopores.  The  pore  size  distribution  of  sample  N450  (inset  of 
Fig.  7)  is  in  the  range  3-12  nm,  and  BET  surface  area  is  61  m2  g-1. 
With  a  higher  annealing  temperature  at  600  °C,  an  evident  decrease 
in  the  surface  area  (21m2g_1)  was  observed,  which  could  be 
ascribed  to  the  large  crystals  of  new  phase  and  sintering  within 
crystals.  And  for  sample  A450,  the  surface  area  is  only  11m2  g-1 
due  to  the  presence  of  large  crystals,  as  verified  by  XRD  and  TEM 
results. 

3.3.  Electrochemical  performance 

Inspired  by  the  unique  structure  of  the  as-obtained  prod¬ 
ucts  under  different  conditions,  we  investigated  their  ability  to 
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Fig.  7.  Nitrogen  adsorption-desorption  isotherms  at  77  K  (filled  symbols:  adsorp¬ 
tion  and  open  symbols:  desorption)  with  corresponding  BJH  desorption  pore  size 
distributions  (inset)  of  N450,  N600,  and  A450. 


reversibly  insert/release  lithium.  Fig.  8  shows  the  CV  curves  of 
the  samples  N450,  N600  and  A450  for  the  first  three  cycles  in  the 
voltage  range  from  3.0  to  0.0  V  at  a  scan  rate  of  0.1  mVs-1.  Three 
reduction  peaks  are  observed  in  the  first  cathodic  scan  for  sample 
N450.  Two  of  them  are  around  1.5  V  and  0.85  V,  which  are  absent 
in  the  corresponding  curve  for  sample  N600  (Fig.  8b),  might  be 
ascribed  to  the  formation  of  LixFe304  [4,1 9].  The  difference  between 
the  CV  curves  of  the  two  samples  is  possibly  due  to  their  differ¬ 
ent  compositional  and  textural  characteristics  (partial  reduction  of 
Fe304  and  particle  sintering  in  sample  N600)  [20].  The  third  strong 
peak  at  around  0.5  V  could  be  associated  with  the  reduction  of  Fe3+ 
and  Fe2+  to  Fe°  and  the  irreversible  reaction  related  to  the  decom¬ 
position  of  the  electrolyte  [6].  The  first  anodic  curves  for  samples 
N450  and  N600  are  similar  and  include  a  broad  peak  at  about  1 .7  V, 
corresponding  to  the  reversible  oxidation  of  Fe°  to  Fe3+.  In  the  sec¬ 
ond  cycle,  the  peaks  at  1 .5  V  and  0.85  V  for  sample  N450  disappear, 
indicating  that  the  reaction  to  form  LixFe304  is  irreversible.  The  CV 
curves  of  the  two  samples  are  stable  and  show  good  reversibility 
after  the  second  cycle.  In  the  case  of  sample  A450  (Fig.  8c),  the  CV 
curves  are  similar  to  those  reported  for  Fe203  [21,22].  The  peak  at 
1.6  V  in  the  first  cathodic  curve  can  be  assigned  to  the  formation  of 
cubic  LixFe203  and  the  strong  peak  at  0.6  V  to  the  reduction  from 
Fe2+  to  Fe°.  The  double  peak  observed  on  charging  the  cell  can  be 
attributed  to  a  change  in  iron  oxidation  state  in  two  steps  (Fe°  to 
Fe2+  at  1.7  V  and  Fe2+  to  Fe3+  at  1.85  V). 

The  charge/discharge  curves  of  the  three  samples  for  the  first 
five  cycles  obtained  at  a  rate  of  0.2  C  in  the  voltage  window  of 
0.01 -3.0V  (vs.  Li/Li+)  are  shown  in  Fig.  9.  The  first  specific  dis¬ 
charge  capacity  of  sample  N450  is  as  high  as  1 502  m  Ah  g_1 ,  while 
that  of  N600  is  928mAhg~1.  From  the  fully  discharged  state,  69% 
( 1 038  m  Ah  g-1 ,  N450)  and  70%  (656  m  Ah  g-1 ,  N600)  of  the  stored 
lithium  can  be  extracted  upon  charging  to  3  V.  The  initial  discharge 
and  charge  capacities  of  sample  A450  are  1354  and  1 000  m  Ah  g_1 , 
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Fig.  8.  Cyclic  voltammograms  of  (a)  N450,  (b)  N600,  and  (c)  A450  from  the  first  cycle 
to  the  third  cycle  at  a  scan  rate  of  0.1  mV s-1  in  the  voltage  range  of  0.0-3.0  V. 


Cycle  number 


Fig.  10.  Cycle  performance  of  N450,  N600,  and  A450  at  a  current  rate  of  0.2  C.  Open 
symbols:  discharge  and  filled  symbols:  charge. 


respectively,  showing  a  columbic  efficiency  of  74%.  It  is  noted  that 
the  initial  discharge  capacities  of  N450  and  N600  which  are  cal¬ 
culated  on  the  basis  of  the  whole  mass  exceed  the  theoretical 
capacity  of  Fe304  (924mAhg~1),  and  that  of  A450  is  also  larger 
than  the  theoretical  capacity  of  Fe203  (1007  mAh  g_1 ).  The  phe¬ 
nomenon  that  the  first  discharge  capacity  considerably  exceeds 
the  theoretical  capacity  has  been  widely  reported  for  transition 
metal  oxides  [22,23],  which  is  usually  ascribed  to  the  formation 
of  a  polymeric  gel-like  film  and  possibly  interfacial  lithium  storage. 
The  coulombic  efficiency  of  the  first  cycle  for  each  sample  is  poor 
as  a  result  of  the  high  irreversible  capacity  observed  during  the  first 
discharge  process.  This  is  typical  behavior  for  systems  containing 
nanostructured  electrochemically  active  materials  that  create  large 
electrode/electrolyte  contact  areas  [24].  Nevertheless,  after  the  first 
cycle,  the  coulombic  efficiencies  for  the  three  samples  are  all  above 
95%  in  the  subsequent  cycles. 

The  three  samples  all  have  excellent  cycling  performance.  Fig.  1 0 
presents  their  long-cycle  characteristics  up  to  150  cycles  at  a  cur¬ 
rent  rate  of  0.2  C.  For  N450,  the  capacity  drops  to  a  minimum  value 
of  921  mAhg-1  over  the  first  20  cycles,  then  it  increases  gradually 
to  1 030  m  Ah  g-1  until  the  80th  cycle,  and  finally  it  remains  almost 
constant  from  the  80th  to  the  150th  cycle.  N600  delivers  a  capacity 
of  about  61 0  m  Ah  g_1 ,  with  excellent  capacity  retention  up  to  1 50 
cycles.  A450  retains  a  stable  capacity  of  about  1 000  m  Ah  g-1  in  the 
first  80  cycles  and  increases  gradually  to  1 1 50  m  Ah  g_1  at  the  1 50th 
cycle.  The  capacity  rise  phenomenon  has  been  widely  referred  in 
the  transition  metal  oxide  electrodes,  which  is  attributed  to  the 
reversible  growth  of  a  polymeric  gel-like  film  on  the  surface  of 
the  progressively  pulverized  particles  resulting  from  electrochem¬ 
ical  grinding  effect  [4,25-27].  The  superior  cycling  performance  of 
all  samples  comes  from  their  unique  hierarchical  architecture.  On 
the  one  hand,  the  interspaces  between  the  nanoflakes  guarantee 
the  quick  infiltration  of  electrolyte,  and  the  nanometer-thick  flakes 
with  the  porous  structure  consisting  of  nanoparticles  afford  short 
diffusion  lengths  for  both  Li-ion  and  electron  transport.  Thus,  the 
kinetic  performance  of  the  electrode  is  better,  the  intercalation  and 
extraction  processes  are  of  much  higher  efficiency,  and  therefore 
a  higher  effective  specific  capacity  can  be  achieved.  On  the  other 
hand,  the  interspaces  between  the  nanoflakes  can  partially  accom¬ 
modate  the  volume  expansion  during  Li  insertion/extraction. 

Note  that  the  above  cycling  performance  focused  on  a  relatively 
low  current  rate  (0.2  C).  Considering  the  practical  application,  it 
is  necessary  to  investigate  the  high  rate  performance  of  the  as- 
prepared  nanostructure  d  materials.  The  rate  capabilities  of  the 
three  samples  from  0.2  C  to  5  C  for  10  cycles  at  each  current  rate 
are  presented  in  Fig.  11.  For  sample  N450,  the  initial  charge  capac¬ 
ity  of  827,  691,  522,  and  227mAhg_1  is  observed  as  the  current 
rate  increases  to  0.5, 1,  2,  and  5  C,  respectively.  On  the  other  hand, 
the  initial  charge  capacity  of  sample  N600  decreases  to  532,  459, 
380,  and  199mAhg_1  at  the  same  current  rate  as  the  sample 


Fig.  9.  The  discharge/charge  profiles  of  (a)  N450,  (b)  N600,  and  (c)  A450  in  the 
voltage  range  0.01-3.0  V  at  a  current  rate  of  0.2  C. 
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Fig.  11.  Rate  performance  of  N450,  N600,  and  A450.  Open  symbols:  discharge  and 
closed  symbols:  charge. 

N450.  When  the  rate  is  lowered  to  0.2  C,  the  capacity  of  921  and 
613  m  Ah  g-1  is  regained  for  sample  N450  and  N600  respectively, 
demonstrating  the  reversibility  of  the  two  composites.  When  sam¬ 
ple  A450  cycles  at  high  rates  of  0.5,  1,  2,  and  5  C,  the  initial  charge 
capacity  is  945,  840,  645,  225mAhg~1,  respectively.  However,  it 
cannot  deliver  a  stable  capacity  during  cycling  at  each  high  rate.  The 
capacity  decays  slowly  at  the  rate  of  0.5  C,  after  which  it  declines 
rapidly  at  higher  rates  of  1,  2,  and  5C.  When  the  current  rate  is 
again  reduced  back  to  0.2  C,  the  capacity  just  shows  a  high  ini¬ 
tial  value,  then  decreases  markedly.  These  results  clearly  show  that 
the  carbon  coating  around  the  Fe304  nanoparticle  plays  an  impor¬ 
tant  role  in  improving  the  rate  capability.  The  native  carbon  not 
only  improves  the  local  conductivity  but  also  prevents  the  detach¬ 
ment  and  aggregation  of  possibly  pulverized  Fe304  nanoparticles 
during  cycling.  Without  carbon,  the  pure  a-Fe203  architectures 
cannot  maintain  the  electrical  continuity  and  structural  integrity 
during  cycling  at  high  rates.  Nevertheless,  it  should  be  noted  that 
the  cycling  stability  of  these  pure  a-Fe203  architectures  at  low 
rates  is  significantly  enhanced  when  compared  to  other  a-Fe203 
nanostructures  because  of  their  unique  nano/micro  hierarchical 
structures  [23,28].  Furthermore,  it  is  interesting  to  observe  that 
the  rate  capability  of  sample  N600  is  better  than  N450,  which 
should  be  attributed  to  the  presence  of  metallic  Fe.  It  has  been 
reported  that  the  electron  transport  to  and  within  the  particles 
is  the  main  factor  limiting  the  rate  of  iron  oxide  electrode  [22]. 
For  sample  N600,  the  metallic  Fe  further  enhances  the  electron 
transfer  and  reduces  the  resistance  within  the  active  nanoparti¬ 
cles,  but  the  capacity  of  the  composite  is  sacrificed  due  to  the 
electrochemical  inactivity  of  Fe. 

4.  Conclusions 

In  summary,  we  have  developed  a  simple  method  for  the  large- 
scale  synthesis  of  Fe304/carbon  micro-flowers  based  on  controlled 
calcination  of  the  iron  alkoxide  precursor  in  inert  atmosphere. 
The  as-obtained  Fe304/carbon  nanocomposite  exhibits  high  capac¬ 
ity,  good  cycle  stability  and  enhanced  rate  capability  as  anode 
material  in  lithium-ion  battery,  due  to  its  high  structural  stabil¬ 
ity  and  high  rate  of  ionic/electronic  conduction  arising  from  the 
synergetic  effect  of  the  unique  nano/micro  hierarchical  structure 
and  conductive  carbon  coating.  The  utilization  of  carbon  compos¬ 


ite  nano/micro  hierarchical  structure  is  suggested  as  a  promising 
strategy  toward  the  development  of  transition  metal  oxides  as 
high-performance  electrode  materials  for  lithium-ion  batteries. 
The  method  presented  here  could  also  be  explored  to  fabricate 
other  novel  metal-oxide/carbon  composite  nanostructures  via  easy 
calcination  of  the  organic/inorganic  hybrid  precursors  for  func¬ 
tional  material  applications. 
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